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Abstract
A possibility to measure the spin and spin-spin correlations of a
chargino pair is investigated in the process e+e− → χ˜+1 χ˜−1 → (χ˜01qq¯′)
(χ˜01q
′′
q¯
′′′) at future linear-collider energies. The total and the differ-
ential cross sections are calculated by the GRACE system which allows
for the full spin correlation. Experimental sensitivity of the measure-
ments are examined by assuming the limited detector resolution, the
initial state radiation and the beam-beam effect (beamstrahlung). It
is found that generally the spin-spin correlation can only be measured
with a lower sensitivity than the chargino spin itself. The dependence
of the correlation measurements on the relevant SUSY parameters
can be seen for a light ν˜e case, but the situation becomes worse for a
heavier ν˜e.
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1 Introduction
If Nature has chosen a supersymmetric scenario (SUSY) to build the universe
as many physicists expect, the chargino pair-production process should be
one of the first SUSY signals observed in the near future at LEP2 or linear
e+e− colliders. Charginos are mixed states of the spin-1/2 partners of the W
boson and the charged Higgs boson, and form two mass-eigenstates (χ˜±1,2).
In many SUSY models, the lighter chargino, χ˜±1 , is thought to be the next-
to-lightest SUSY particle while the neutralino χ˜01 (a mixed state of SUSY
partners of the photon, Z boson and neutral Higgs bosons), is the lightest
SUSY particle. Then the main decay-mode of the chargino is χ˜±1 → χ˜01f f¯ ′,
where f denotes a quark or a lepton.
Since the neutralino is invisible in the detector, the experimental signature
of the chargino pair-production is four jets or two jets and one isolated lepton
with large missing transverse momentum. If the mass difference between
chargino and neutralino is greater than the W boson mass, a real W boson
can be created and the two-body decay, χ˜± → χ˜0W , should dominate. In
this case the additional signature of the W boson production can also be
used for the event selection. The mass of χ˜±1 can be easily measured from
a sharp rise of the total cross section at its threshold. The mass difference,
Mχ˜±1
−Mχ˜01 , can be measured from the maximum energy of qq¯′ system [1].
If one wants to find other SUSY parameters beyond the measurements
of SUSY particle masses, one encounters some difficulties1. Since two in-
visible particles escape from the detection, a complete reconstruction of the
event kinematics is not possible. The same situation happens in the τ pair-
production: τ decays into ντ (invisible) and qq¯
′ system through virtual W .
After the discovery of τ lepton, it has been discussed [2] how to extract its
weak properties. As a result it has been pointed out that there are three
angles which can be reconstructed unambiguously from the experimental ob-
servables. They are cos θ∗
±
, and cos∆φ∗, where θ∗
±
are the polar angle of
the qq¯′ pair with respect to the momentum of a mother particle (χ˜±1 or τ
±)
measured in the rest frame of the mother particle, and ∆φ∗ is the azimuthal
angle between the decay planes of the two mother particles. This implies
in turn that the spin and spin-spin correlations can be measured from the
limited number of experimental observables.
1In ref. [1], they also pointed out that the electron-beam polarization is helpful to
separate the higgsino component from gaugino one because the right-handed beam does
not couple to the gaugino component.
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In order not to lose the precious azimuthal information, one must keep
track of the decaying chargino polarisation (full spin correlation), as done
in [3] for application to angular distributions of outcoming leptons.
Recently Choi et al. [4] argued that the spin information from the chargino
decays directly reflects the chargino mixing angles. They concluded that
the chargino mixing angles and the fundamental SUSY parameters could be
determined from the measurement of the total cross section of the chargino
pair-production, their spin, and spin-spin correlations.
In this report, we will discuss quantitatively the possibility to measure
those SUSY parameters from the spin and spin-spin correlations in the char-
gino pair-production based on the detailed simulation which also includes
some detector effects and the smearing of colliding energies due to the initial
state radiation as well as the beam-beam effect at future linear e+e− colliders.
2 SUSY parameters
2.1 Chargino description
Charginos do not conserve fermion number. Therefore the fermion number
of charginos is not determined by interactions but is a matter of convention.
In GRACE [6] we adopt the convention that the positively charged charginos
are Dirac-particles. The two charginos are made of four Weyl spinors, λ+,
λ−, H˜−1 and H˜
+
2 . The corresponding physical states with mass mχ˜±1 and mχ˜
±
2
are given by
Ψ(χ˜+i ) =
(
λ−iR
λ+iL
)
, Ψ(χ˜−i ) ≡ Ψ(χ˜+i )c =
(
λ+iL
λ−iR
)
, i = 1, 2 (1)
with (
λ−1R
λ−2R
)
=
(
cosφR sin φR
− sin φR cosφR
)(
λ−
H˜−1
)
,
(
λ+1L
λ+2L
)
=
(
1 0
0 ǫL
) (
cosφL sinφL
− sin φL cos φL
)(
λ+
H˜+2
)
. (2)
The two orthogonal matrices in (2) diagonalize the mass matrix,
MC ≡
(
M2
√
2MW cos β√
2MW sin β µ
)
(3)
3
as (
cos φL sinφL
− sinφL cosφL
)
MC
(
cosφR − sin φR
sinφR cosφR
)
=
(
mc˜1 0
0 mc˜2
)
(4)
(the indexing of charginos is as follows: |mc˜1 | < |mc˜2 |.)
µ is the Higgs mixing parameter. In our convention, it is real and can
take any sign. It is one of the superpotential parameters. As for M2, it is
a soft SUSY breaking parameter related to the mass of the SU(2) gaugino.
The β angle is related to the vacuum expectation values, v1 and v2, through
tanβ =
v2
v1
, cos β =
v1√
v21 + v
2
2
, sin β =
v2√
v21 + v
2
2
. (5)
The diagonal matrix with ǫL in (2) is to take care of the possible negative
eigenvalue for mc˜2. (We can always choose the mixing parameters φR and φL
such that mc˜1 > 0). Practically, from (3) we find
ǫL = sign(M2µ−M2W sin 2β) = sign (det (MC)) . (6)
The physical masses of charginos are given by
mχ˜±1 = mc˜1 , mχ˜
±
2
= ǫLmc˜2, (7)
with χ˜±1 lighter than χ˜
±
2 .
The chargino spectrum is then related to the electroweak symmetry break-
ing sector through µ and β, and to the SUSY soft-breaking sector through
M2.
The couplings to Z0 are determined by the sine and cosine of mixing
angles φR and φL, as well as cos
2 θW .
2.2 SUSY spectrum evaluation
Very few parameters are involved in the 2 → 2 chargino pair-production
process: besides those involved in the chargino spectrum (µ, β and M2), we
only need the t-channel related sneutrino ν˜e mass (mν˜e). However for the
simulation of the experimentally more realistic 2→ 6 process, a large part of
the SUSY parameters must be known: the neutralino spectrum and mixing
matrix, the sfermions spectrum and couplings.
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In order not to span the 80-dimensional SUSY parameters space, one
needs simplifying assumptions. The minimal supergravity (mSUGRA) is a
popular way to restrict this space. mSUGRA keeps only 4 parameters: the
common mass for scalar m0, the common mass for gaugino M 1
2
, the common
(rescaled) trilinear parameter A0 and tan β, as well as the possible choice of
the sign of µ (sign(µ)), its absolute value being fixed by the constraint of ra-
diative electroweak symmetry breaking. These parameters being determined
at the grand unification scale (ΛGUT ), except tan β, one needs to get their
running values at the electroweak scale (MZ) through the Renormalization
Group Equation (RGE). Further complications occurs due to the fact that
this equation have a two-boundary condition (some parameters are known at
MZ and others at ΛGUT ) and that the Yukawa’s coupling are not computed
from the pole mass but from the running mass. Some programs deal with all
the detail of this computation. In this study, the utility MUSE [5], is used for
this purpose.
In order to investigate the possibilities to measure the gaugino-mixing
angles, we tried to prepare three typical parameter sets as proposed in [4]:
gaugino-like (M2 = 81 GeV, µ = −215 GeV), higgsino-like (M2 = 215 GeV,
µ = −81 GeV) and mixed (M2 = 92 GeV, µ = −93 GeV). However, the
constraints imposed by mSUGRA are quite restrictive. The run down of
m˜2H2 (mass parameter of the ‘up-sector’ Higgs) is strongly pulled toward
negative values by M21
2
. In order to get electroweak symmetry breaking, one
needs a large enough negative value for m˜2H2 . So once M
2
1
2
is fixed by the
constraint on M2, the only remaining degree of freedom is m0 (A0 has not so
much effect).
mSUGRA allows to get gaugino-like configurations, but not mixed or
higgsino-like. Moreover once m0 is fixed, mν˜e is also determined. Con-
sequently, we chose an extended approximation with three common scalar
mass (one for the Higgs bosons, one for the squarks and one for the slep-
tons), and we put µ ‘by hand’ instead of computing it with the radiative
symmetry breaking constraint. The sneutrino mass for the mixed scenario
in the light sneutrino case had also to be put by hand. The resulting spectra
are summarized in Table-1 and Table-2.
3 Calculation method
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3.1 Exact calculation
All the cross sections given in this report, irrespective of various levels of ap-
proximation used (see below), are numerically calculated using the automatic
calculation system GRACE [6], based on the helicity amplitude formalism. It
includes the minimal SUSY standard model [7]. The cross section and any
kinds of distributions can be obtained with the aid of the multi-dimensional
phase space integration package BASES [8]. Light fermion masses are also
taken into account.
The chargino pair-production in e+e− collisions can be expressed by the
three Feynman diagrams shown in Fig. 1 (first row). It is followed by the
subsequent decay of χ˜±1 → χ˜01qq¯′, which has six diagrams in unitary gauge. In
this report, the decay channels of χ˜
+(−)
1 → χ˜01ud¯(sc¯) are chosen as benchmark
processes. Among those diagrams the contribution from Higgs-exchange and
u˜2(≈ u˜R) diagrams is found to be much smaller than the statistical errors
of the numerical integration (less than 0.5%) and thus safely omitted. Then
three diagrams shown in Fig. 1 (second row for χ˜+1 and third row for χ˜
−
1 )
are taken into account in our study. When we look at the final state of
χ˜01ud¯χ˜
0
1sc¯ via the chargino pair-production, 54 diagrams=3 × 3× 3× 2 con-
tribute to the process. Besides those specified there remain a huge number
of diagrams giving the same final state but not through the chargino pair.
Even with an automatic system like GRACE the calculation with the complete
set of diagrams (∼30,000) is hopeless within a reasonable CPU time. To es-
timate the magnitude of the contribution from those background diagrams,
we have calculated the cross section of the process e+e− → χ˜−1 χ˜01ud¯ with
full diagrams. This process has 292 diagrams in unitary gauge. Among them
there are 9 diagrams which comes through the chargino pair-production. The
cross section above the threshold of the pair-production has shown that the
contribution from the background diagrams was smaller than the statistical
error of the numerical integration. Hence it is confirmed that taking only
the 54 diagrams related to the chargino pair-production for the χ˜01f f¯
′χ˜01f f¯
′
process is accurate enough up to the precision of 0.5%. It is worth mention-
ing that this calculation treating the amplitude of the six-body final state
can reproduce the full spin information including the spin-spin correlation
between charginos.
The decay width of the chargino are calculated by summing up five pos-
sible decay channels with keeping fermion masses using GRACE system. Nu-
merical results for the six parameter-sets are summarized in Table.3. The
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total cross sections of six-particle final-state based on the 54 diagrams are
checked against those of the chargino pair-production multiplied by the de-
cay branching ratio at the center of mass system (CMS) energy of 250 GeV.
The results are consistent one with each other as shown in Table.4 (first and
second column).
To see the effect of the interference arising from the exchange of two
identical neutralinos, the cross section for 54 diagrams (considering the sta-
tistical factor 1/2) is compared with that for 27 diagrams omitting neutralino
exchange. Both results completely agree within the statistical error of the in-
tegration as shown in Table.4 (second and third column). This fact together
with the other fact that the decay width of the chargino is very narrow al-
lows us to employ the narrow width (on-shell) approximation to evaluate
amplitudes of this process.
3.2 Narrow width approximation with full spin corre-
lation
The simplest approximation of the full amplitude would be to take the am-
plitude of the 2-body production process followed by the isotropic decays.
However, it is obvious that this approximation is senseless when one talks
about the spin measurement as it ignores any spin information of the char-
gino and the vector boson. It is not a sufficient approximation even for the
estimation of the experimental acceptance of the detectors.
The best approximation to calculate the cascade decays of the SUSY
particles should be as follows: connect the production amplitude for e+e− →
χ˜+1 χ˜
−
1 and the decay amplitudes for χ˜
±
1 → χ˜01qq¯′ tracing the helicity of each
particle. The cross sections is then expressed as
σ =
1
C
∑
hi
∫∫∫ ∣∣∣∣∣∣
∑
h+,h−
Ae+e−→χ˜+1 χ˜−1 · Aχ˜+1 →χ˜01ud¯ · Aχ˜−1 →χ˜01sc¯
∣∣∣∣∣∣
2
dΩ2→2
× dΩ1→3
2mχ˜±1
Γχ˜±1
dΩ1→3
2mχ˜±1
Γχ˜±1
where Ae+e−→χ˜+1 χ˜−1 and Aχ˜−1 →χ˜01u(s)d¯(c¯) are respectively the amplitudes of the
chargino pair-production and decay, hi the helicity for the initial and the
final particles, h± the helicities of χ˜
±
1 , dΩi→j the phase space for the pro-
duction and the decay, mχ˜±1
the mass of chargino, Γχ˜±1
the decay width of
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chargino, and C = (spin average factor)×(flux factor). In this method the
spin summation is taken not only over the diagonal part but also over the
off-diagonal one. This is equivalent to deal with the full spin density matrix
for the chargino decay.
When integrating over the whole phase-space (without cuts), the off-
diagonal part disappears (but one must keep it when studying differential
distributions), and the total cross sections can be expressed as:
σ = σe+e−→χ˜+1 χ˜
−
1
·
Γχ˜+1 →χ˜01ud¯
Γχ˜±1
·
Γχ˜−1 →χ˜01sc¯
Γχ˜±1
= σe+e−→χ˜+1 χ˜
−
1
· Br(χ˜+1 → χ˜01ud¯) · Br(χ˜−1 → χ˜01sc¯),
This approximation is precise enough and much faster to reproduce the
cross section of the exact calculation based on the full 54 diagrams as one
can see in Table.4. Furthermore, the distributions relevant to the chargino
spin and spin-spin correlations are also reproduced very accurately as shown
in Fig. 2 and Fig. 3. In the figures, ‘missing pT ’ means the missing transverse
momentum carried by the neutralinos, ‘pjetT ’ the transverse momentum of the
quarks (parton level information of each quark), θ∗
−
the polar angle of the
sc¯ system with respect to the momentum of χ˜− in its rest frame, and φ∗
−
its
azimuthal angle measured from the chargino pair-production plane. Though
φ∗
−
is not an experimental observable, it is shown that the event topology is
correctly described by this approximation. In the following sections we will
present the results of the simulation study based on this approximation.
Sometimes a similar approximation is used without the off-diagonal part
in the spin summation as in [9]:
σ =
1
C
∑
hi
∫∫∫ ∑
h+,h−
∣∣∣Ae+e−→χ˜+1 χ˜−1
∣∣∣2 · ∣∣∣Aχ˜+1 →χ˜01ud¯
∣∣∣2 · ∣∣∣Aχ˜−1 →χ˜01sc¯
∣∣∣2 dΩ2→2
× dΩ1→3
2mχ˜±1
Γχ˜±1
dΩ1→3
2mχ˜±1
Γχ˜±1
This approximation gives the same total cross sections as those with full
spin-correlation. However, it might give some deviation in differential distri-
butions, especially those of azimuthal angle correlation between χ˜+1 and χ˜
−
1 .
(See Figs. 2 and 3.) The approximation with diagonal spin-correlation could
be used for limited studies, such as the detector acceptance estimation or the
measurements of the SUSY particle masses. It should, however, not be used
for the detailed studies of spins.
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4 Spin and spin-spin correlation measurements
4.1 Detector effects
Even though there are two missing particles in the final state, three angles can
be obtained unambiguously from the experimental observables as mentioned
previously, cos θ∗
±
, and cos∆φ∗. They are given by [2]:
cos θ∗
±
=
1
βP±
(
E± − E
∗
±
γ
)
,
sin θ∗+ sin θ
∗
−
cos∆φ =
P+P−
P ∗+P
∗
−
cos θX+X− +
(E+ − E∗+/γ)(E− − E∗−/γ)
β2P ∗X+P
∗
X−
.
The direct experimental observables are:
• E± : the energy of the qq¯′ system in the laboratory frame,
• P± =
√
E2± −M2± : the corresponding momentum, where M± is the
invariant mass of the qq¯′ pair, is also an experimental observable,
• θX+X− : the opening angle between two qq¯′ systems in the laboratory
frame.
On the other hand the following variables require the independent in-
formations such as the nominal beam-energy, the chargino and neutralino
masses:
• β, γ : the velocity and the Lorentz factor of the chargino calculated
from the nominal beam energy and the chargino mass,
• E∗
±
: the energy of the qq¯′ system in the rest frame of the mother char-
gino, which is calculated from the chargino and the neutralino masses
and the measured qq¯′ invariant mass,
• P ∗
±
: the corresponding momentum.
One cannot avoid the experimental errors in measuring the above vari-
ables. There are two kinds of sources for these errors. The first is the
limited resolution of the detectors. To estimate the effect we use PYTHIA [10]
to hadronize quarks and to make them to decay into stable particles. The
obtained energies of the particles are smeared by an assumed experimental
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resolution of the electro-magnetic (hadron) calorimeters: these resolutions
are supposed to be σE/
√
E = 15%/
√
E plus 1% constant term (σE/
√
E =
40%/
√
E plus 2% constant term) assuming a Gaussian distribution. The
second source stems from the incomplete knowledge of the colliding beam
energies due to the initial state radiation (ISR) and the beamstrahlung (BS).
Though smearing of the beam energy does not affect the energy measure-
ment of the particles directly, this must give some uncertainty to β and γ
factors of the charginos and also to the direction of the momentum of the
charginos, which defines the quantization axis of the chargino spin. Hence
the chargino pair is not necessarily produced in back-to-back configuration
in the laboratory frame. This means the quantization axis cannot be taken
common for both charginos in the laboratory frame. For the estimation of
these effects we use the simple structure function [11] for ISR and the utility
Luminos [12] for BS. The TESLA reference parameters at the CMS energy
of 500 GeV listed in Table.5 are used for the BS simulation in the Luminos.
The calculated distributions of the experimental observable necessary for
the spin and spin-spin correlation measurements are shown in Fig. 4. The
parameter set for the ‘gaugino region’ with a light ν˜e mass is used for the
benchmark. The generated distributions are deformed due to the effects
mentioned above as shown in Fig. 4. One can see that the hadronization
affects the heavy quark side (χ˜01sc¯) largely. The ISR and BS give more
deformation to the distributions than to the hadron energy measurement.
Even after including the experimental effects, one still has the possibility to
measure the spin and spin-spin correlations.
4.2 Mixing angle dependence
The cross section of the chargino pair-production depends on the chargino
mass, neutralino mass, the ν˜e mass, and the chargino mixing angles. The
chargino and neutralino masses can be determined from the threshold en-
ergy of the production and the energy distribution of the quark pairs. In
order to extract the rest of parameters, the total cross section of the char-
gino pair-production itself is helpful. The total cross section at the CMS
energy of 250 GeV are summarized in Table.7 for the six different parameter
sets. However, the information is not enough to derive the other unknown
parameters such as the ν˜e mass and the chargino mixing angles.
As proposed in ref. [4], let us look at the spin and spin-spin correlations
on the angular distributions at the CMS energy of 250 GeV. There are two
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angular observables in the chargino spin measurement, cos θ∗+ and cos θ
∗
−
, and
two observables for the spin-spin correlation measurement, cos θ∗+ cos θ
∗
−
and
sin θ∗+ sin θ
∗
−
cos∆φ.
First let us consider the light ν˜e mass case. As shown in Fig. 5 (the left
column) the generated distribution on cos θ∗
±
shows a clear difference among
three SUSY parameter sets, ‘gaugino region’, ‘higgsino region’, and ‘mixed
region’. (In order to see only the difference of the distributions but not
their absolute values, all distributions in Figs. 5-7 are normalized to unity as
indicated by A.U. (arbitrary unit).)
It can be seen that the experimental effects modify the distribution to
a rather large extent. However, even with these experimental uncertainties,
these three parameter regions can be distinguished as seen in Fig. 5 (the
right column). The error bars in the figures show the expected (statistical)
experimental error after accumulating 10 fb−1 integrated luminosity2. The
limited knowledge of the beamstrahlung would give the biggest uncertainty
to the measurements. If the energy spectrum of the colliding beams are
measured precisely enough, it will be able to measure the chargino spin and
to distinguish three typical regions of the chargino mixing angles. On the
other hand as shown in Fig. 6 the distributions for the spin-spin correlation
measurement overlap and cannot be separated even in the generator level
without any smearing. The sensitivity to the spin-spin correlation is lower
than to the spin measurement itself. These sensitivity can be described
in terms of analyzing-powers appearing in the cross section formula: κ±(<
1) is the spin analyzing-power of χ˜±, and κc = κ+ × κ− is the analyzing-
power of the spin-spin correlation. Then the analyzing power of the spin-spin
correlation is smaller than those of the spin measurements.
For a heavy ν˜e mass case the situation is rather worse than in the previous
case. Even for the spin measurements the sensitivity is not enough to distin-
guish three typical chargino mixing-angle regions, as shown in Fig. 7. In this
case the contribution from the ν˜e exchange diagrams is greatly suppressed
and this kills the sensitivity to distinguish the gaugino and higgsino regions.
The same studies at the CMS energy at 500 GeV have also been performed.
It is found that the situation does not change much from that at 250 GeV
concerning the sensitivities for the measurement of the spin and spin-spin
correlations.
2 All hadronic channels are summed up and 50% of detection efficiency is assumed.
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5 Conclusions
The total and the differential cross sections of the process, e+e− → χ˜+1 χ˜−1 →
(χ˜01qq¯
′)(χ˜01qq¯
′), have been calculated numerically. By comparing the narrow
width approximation with the exact cross sections based on the numerical
helicity amplitudes with the full 54 diagrams, it was confirmed that this
approximation with full spin correlation, could reproduce the details of the
distributions very accurately. The possibilities have been investigated to dis-
tinguish experimentally three typical sets of the chargino-mixing angles by
measuring the spin and spin-spin correlation. It was found that the light ν˜e
mass case could distinguish three cases (gaugino, higgsino and mixed region)
in the chargino spin measurements once the data of 10 fb−1 is accumulated,
even the distributions are largely distorted by the experimental effects. How-
ever, the measurements of the spin-spin correlation for the light ν˜e mass case
and even the spin measurements for the heavy ν˜e mass case turned out to be
difficult.
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light ν˜e case
parameter gaugino region higgsino region mixed region
tanβ 2 2 2
µ (GeV) −215.0 −81.0 −93.0
M2 (GeV) 81.4 215.0 92.0
cosφL 0.914 0.056 0.437
sinφL 0.405 −0.998 0.900
cosφR 0.998 0.405 0.908
sinφR 0.055 −0.914 −0.419
Mχ˜1± (GeV) 95.1 94.7 94.3
Mχ˜10 (GeV) 44.6 74.5 50.8
Mν˜e (GeV) 139.7 140.0 144.7
MU˜1(R) (GeV) 284.9 689.2 315.2
MU˜2(L) (GeV) 279.2 668.6 308.3
MD˜1(R) (GeV) 291.5 691.9 321.2
MD˜2(L) (GeV) 280.4 666.9 309.1
Table 1: Three parameter sets with a light ν˜e.
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heavy ν˜e case
parameter gaugino region higgsino region mixed region
tanβ 2 2 2
µ (GeV) −215.0 −81.0 −93.0
M2 (GeV) 81.0 215.0 92.0
cosφL 0.914 0.056 0.436
sinφL 0.405 −0.998 0.899
cosφR 0.998 0.405 0.908
sinφR 0.056 −0.914 −0.418
Mχ˜1± (GeV) 94.7 94.7 94.3
Mχ˜10 (GeV) 44.3 74.5 74.5
Mν˜e (GeV) 403.2 396.9 396.9
MU˜1(R) (GeV) 284.5 680.1 392.6
MU˜2(L) (GeV) 279.0 529.6 249.0
MD˜1(R) (GeV) 291.2 765.9 487.9
MD˜2(L) (GeV) 280.2 682.9 397.4
Table 2: Three parameter sets with a heavy ν˜e.
gaugino region higgsino region mixed region
light ν˜e case 3.00× 10−5 9.08× 10−6 2.35× 10−5
heavy ν˜e case 2.56× 10−5 8.96× 10−6 2.41× 10−5
Table 3: The total width (in GeV unit) of chargino corresponding to the
six sets of SUSY parameters.
6-body exact Narrow-width Approx.
2-body×Br. 54 diag. 27 diag. full-spin diagonal
58.68(1) 58.6(1) 58.6(1) 58.66(6) 58.67(6)
Table 4: The total cross sections (in fb unit) of the process e+e− → χ˜01ud¯χ˜01sc¯
with the parameter set ‘gaugino region, light ν˜e’ at the CMS energy of
250 GeV. The number in parenthesis is the statistical error of the numer-
ical integration on the last digit.
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Beam parameters
Number of particles 2× 1010/bunch
beam size σx 553nm
σy 5nm
σz 0.4mm
beam momentum spread 1%
Table 5: The beam parameters used to calculate the beamstrahlung, taken
from the TESLA reference parameter set for the CMS energy of 500 GeV.
These parameters are used for the CMS energy of 250 GeV also.
gaugino region higgsino region mixed region
light ν˜e case 58.74(8) 141.3(2) 65.90(9)
heavy ν˜e case 305.2(2) 182.2(2) 222.5(3)
Table 6: The total cross sections (in fb unit) with the six parameter sets
including ISR and BS with the parameter set ‘gaugino region, light ν˜e’ at the
CMS energy of 250 GeV. The number in parenthesis is the statistical error
of the numerical integration on the last digit.
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Figure 1: Feynman diagrams of a chargino pair-production (first row) and
its decays (second row for χ˜+1 and third row for χ˜
−
1 )
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Figure 2: Distributions obtained from the exact calculations (solid lines),
narrow-width approximation with full spin-correlation (dashed lines), and it
with diagonal spin-correlation (dotted lines) with the parameter set ‘gaug-
ino region, light ν˜e’ at the CMS energy of 250 GeV. The definitions of the
variables are given in the text.
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Figure 3: The correlation of azimuthal angles of the two decay planes of
the chargino decays obtained from (a) the 54 diagrams exact calculation
(upper-left), (b) the narrow-width approximation with full spin correlation
(upper-right), and (c) it with diagonal spin correlation (down-left) with the
parameter set ‘gaugino region, light ν˜e’ at the CMS energy of 250 GeV.
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Figure 4: The effects of the detector resolution, ISR, and BS on the ex-
perimental observable used in the spin measurements with the parameter set
‘gaugino region, light ν˜e’ at the CMS energy of 250 GeV. Solid lines show the
original distribution, dashed lines with smearing due to the limited resolution
of the calorimeters, dotted lines with ISR and BS, and dot-dashed lines with
all experimental effects. The parameter set of ‘gaugino region’ with light ν˜e
is used.
20
Figure 5: The distributions used for the chargino spin measurement with
parameters of the ‘light ν˜e case’ at the CMS energy of 250 GeV. The figures
at left side show the original distribution and those at right side show those
with the experimental effects. Solid lines show those with parameters of
‘gaugino region’, dashed lines with ‘higgsino region’, and dotted lines with
‘mixed region’. The error bars shown in the figures indicate the expected
statistical errors after accumulating a luminosity of 10 fb−1. All distributions
are normalized to unity.
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Figure 6: The distributions used for the chargino spin-spin correlation mea-
surement with parameters of the ‘light ν˜e case’ at the CMS energy of 250 GeV.
The figures at left side show the original distribution and those at right side
show those with the experimental effects. Solid lines show those with pa-
rameters of ‘gaugino region’, dashed lines with ‘higgsino region’, and dotted
lines with ‘mixed region’. The error bars shown in the figures indicate the
expected statistical errors after accumulating a luminosity of 10 fb−1. All
distributions are normalized to unity.
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Figure 7: The distributions used for the chargino spin measurement with
parameters of the ‘heavy ν˜e case’ at the CMS energy of 250 GeV. The figures
at left side show the original distribution and those at right side show those
with the experimental effects. Solid lines show those with parameters of
‘gaugino region’, dashed lines with ‘higgsino region’, and dotted lines with
‘mixed region’. The error bars shown in the figures indicate the expected
statistical errors after accumulating a luminosity of 10 fb−1. All distributions
are normalized to unity.
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